ABSTRACT Broiler chicken meat is considered as the main source of foodborne Campylobacter infection. Campylobacter jejuni multilocus sequence type ST-5 has been previously identified as predominant among Latvian and Lithuanian broiler chicken meat products and is often isolated from Lithuanian patients with Campylobacter enteric infection. The market share of Lithuanian and Latvian origin fresh broiler chicken meat sold at Estonian retail is estimated close to 50%. In this study, we used the whole-genome sequences of Latvian and Lithuanian origin C. jejuni ST-5 broiler chicken meat isolates obtained from Estonian retail.
INTRODUCTION
Campylobacteriosis is one of the most commonly reported zoonosis in the Baltic states with 1,613 confirmed human cases in 2016 (EFSA, 2017) . Majority of confirmed human campylobacteriosis cases were reported in Lithuania (n = 1,225), followed by Estonia (n = 298) and Latvia (n = 90), with corresponding notification rates of 42.4, 22.6, and 4.6 per 100,000 population, respectively (EFSA, 2017) .
Campylobacter jejuni from the genus Campylobacter is the species most often associated with food-related gastroenterititis in humans (Epps et al., 2013) . The main reservoir for majority of human Campylobacter infections is poultry and poultry products (Skarp et al., 2016) , where C. jejuni population is usually represented by diverse set of sequence types (ST) (Llarena et al., 2015) . Recently published 2 independent studies, one conducted in Lithuania (Ramonaite et al., 2017) and the other in Estonia (Mäesaar et al., 2018) , found that ST-5 was the predominant genotype detected among Baltic origin C. jejuni isolates. In addition, several studies have shown that ST-5 is the genotype isolated both C 2018 Poultry Science Association Inc. Received July 17, 2018. Accepted October 23, 2018. 1 Corresponding author: mihkel.maesaar@vetlab.ee from human patients (Ramonaite et al., 2014; Rosner et al., 2017) and from broiler chickens (Strachan et al., 2009) .
Multilocus sequence typing (MLST) is considered "golden standard" and commonly used as a preferred molecular typing method in C. jejuni genotyping studies (Bessell et al., 2012; Klein-Jöbstl et al., 2016) . Although gene-by-gene approach can be applied to genomes from diverse sources and the use of reference genome is not necessary (Sheppard et al., 2012) , it still depends on predefined schemas that can be biased (Zhang et al., 2018) . The other major disadvantage of MLST is limited discriminatory power, and as a result of that the method can discern no difference between genetically highly related isolates (Kovanen et al., 2014) .
Whole-genome multilocus sequence typing (wgMLST) using gene-by-gene approach (Zhang et al., 2015) is often time consuming, but has proven to be sensitive and with exceptional resolution to differentiate between almost identical isolates within the same STs (Kovanen et al., 2016) , consequently gradually replacing traditional typing methods (Llarena et al., 2017) . Recently published algorithm by Zhang et al. (2018) utilizes non-conventional genome-by-genome approach making wgMLST allele calling more efficient and time-effective.
The aim of the present study was to use wgMLST as a high-resolution tool to reveal discriminating genetic relationship within ST level restricted set of closely related C. jejuni ST-5 isolates constrained by period of time and geographic region isolated from Latvian and Lithuanian fresh broiler chicken meat products sold at Estonian retail.
MATERIAL AND METHODS

Isolates
The survey included 2 Latvian and 2 Lithuanian C. jejuni ST-5 isolates obtained from fresh broiler chicken meat products sold at Estonian retail and characterized within previous studies on Campylobacter spp. in Estonia (Mäesaar et al., 2014 (Mäesaar et al., , 2016 (Mäesaar et al., , 2018 . Briefly, Campylobacter detection was performed according to the ISO 10272-1:2006 (ISO, 2006) as described by Mäesaar et al. (2014) . Conventional multiplex PCR assay by Wang et al. (2002) was used for the species identification as specified by Mäesaar et al. (2016) . Genomic DNA for wgMLST analysis was extracted with Wizard R genomic DNA purification kit (Promega Corporation, Fitchburg, WI) following the manufacturer protocol as described by Mäesaar et al. (2018) . Extracted genomic DNA was stored at -20
• C prior to whole-genome sequencing (WGS) analysis. A summary of the results from previous studies regarding characterization of the 4 C. jejuni isolates is presented in Table 1 .
WGS and Isolate Deposition
All the isolates were sequenced by the Institute for Molecular Medicine Finland (FIMM Technology Centre, University of Helsinki, Finland) using Illumina sequencing as described by Mäesaar et al. (2018) . Briefly, reads were assembled into contigs using SPAdes v3.2.1 (Bankevich et al., 2012) and deposited to Campylobacter pubMLST database (Jolley and Maiden, 2010) to determine allele numbers, STs, and clonal complexes (CC).
Genome Annotation
Genome assemblies were further analyzed and annotated using rapid annotation using subsystem technology (RAST) v2.0 (Aziz et al., 2008) with default settings for bacterial genomes annotation.
Whole-genome Multilocus Sequence Typing
WGS assemblies of 4 C. jejuni ST-5 isolates were used for wgMLST analyses. Genome-by-genome approach was used for genealogical relationship evaluation by fast-Genome Profiler (fast-GeP) v1.0 algorithm (Zhang et al., 2018) using default settings. Shared-loci multiple sequence alignment (MSA) was created using annotated reference sequence and multiple alignment using fast Fourier transform (MAFFT) software v7.305b (Katoh and Standley, 2013) as implemented in fast-GeP.
Phylogenetic Analysis
Phylogeny was inferred using approximately maximum-likelihood (aML) tree based on the fastGeP MSA with double precision version of FastTree v2.1.10 (Price et al., 2010) using default setting and gamma20 likelihood. Results were visualized in TempEst v1.5 , rooted using best-fitting root and edited with FigTree v1.4.3 (Rambaut, 2016) .
RESULTS
WGS and Genome Annotation
All genome assemblies included in this study had nucleotide length <1.75 Mbp and <125 contigs. Annotated genome GC content was 30.3 to 30.4%, contained 307 to 312 subsystems in which at least one member was found, and predicted to encode 1,722 to 1,818 proteins and 45 to 48 RNAs. An overview of genome assemblies and annotation results is presented in Table 2 . 
Whole-genome Multilocus Sequence Typing
RAST annotated genome of Lithuanian C. jejuni isolate (pubMLST: 47244) was used as reference to build an ad hoc scheme to transform assembly files into allele profiles and MSA. Reference genome contained 1,750 coding sequences (CDS); as a result of incomplete information, 151 loci were excluded from the analysis. Four genomic sequences shared 1,599 loci, and additional 10 shared loci were excluded because of hypothetical gene duplication. MSA and difference matrix were constructed using 1,589 shared loci effectively a "core genome" of which 1,371 alleles were found to be identical and 218 loci were polymorphic. Latvian and Lithuanian isolates had 199 to 205 intergroup shared-loci differences, whereas intragroup polymorphic shared alleles count remained 21 to 31 (Table 3) . SNPs and variation in other genomic regions, such as introduced by indels or homopolymeric tract, are considered as allele differences in the present study.
Phylogenetic Analysis
Reconstructed aML tree topology was not influenced by recombination, and as a result calculated tree from shared-loci MSA was used. Calculated phylogenetic tree displayed the division of 4 isolates into 2 separate clades based on the nucleotide differences. In the first clade, the Latvian C. jejuni isolates were grouped, and consequently the second clade was formed by remaining Lithuanian ST-5 isolates (Figure 1 ).
DISCUSSION
Campylobacter jejuni has relatively small genome size in the range of 1.60 to 1.85 Mbp (Méric et al., 2014) , which indicates more likely to have higher proportion of indispensable genes (Raskin et al., 2006) involved with essential functions, therefore affecting the size estimate of core genome. Naturally, genetically related isolates tend to share higher number of similar genes. In the present study, we found that all the core genes counted for approximately 90% of CDSs that were present in all the C. jejuni ST-5 isolates. Tettelin et al. (2005) defined core genes as genes shared between all the isolates in the sample. Shared genes count is considerably bound to the similarity of the isolates being studied, but at the same time relies on the sample size, analysis method, and selected cutoff values (Cody et al., 2017) . The core genome of the genus Campylobacter is estimated at 647 genes (Lefébure and Stanhope, 2009) . Friis et al. (2010) showed that at species level C. jejuni shared 1,295 genes and when sample was narrowed down to C. jejuni ST-45 CC the number of core genes increased to 1,383 (Llarena et al., 2016) .
In the present study, C. jejuni ST-5 broiler chicken meat isolates were compared by using wgMLST analyzes, because ST-5 is among the most prevalent ST Lithuanian origin broiler chicken meat products. In addition, C. jejuni ST-5 has been isolated from Latvian broiler chicken meat products sold at Estonian retail. All these isolates have been highly resistant to fluoroquinolones. Related with the significant market share of Lithuanian and Latvian origin fresh chicken meat products at Estonian retail, we speculate that epidemiological importance of C. jejuni ST-5 in Estonia is increasing. The human infections caused by C. jejuni ST-5 in Estonia cannot be excluded. Unfortunately, in Estonia, the human Campylobacter isolates are not targeted for routine molecular typing.
Analysis of 4 Latvian and Lithuanian C. jejuni originating from close geographical region and assigned to ST-5 revealed high similarity with 1,589 shared loci of which 86.3% were identical. The latter was expected because of aforementioned reasons, mainly because selected isolates belonged to the same genotype. The differences in 218 polymorphic loci clearly divided the isolates into 2 groups with country of origin as the common denominator. However, resulted geographic separation of the isolates found in this study should be carefully interpreted taking into account the small sample size. In addition, Sheppard et al. (2010) demonstrated that multilocus genotypes of C. jejuni are rather associated with specific sources than geographical region. It should be noted that in present study we analyzed limited number of genotypes originating from same source within the ST-5 with limited sampling interval. In addition, it is important to mention that both Latvian and Lithuanian isolates originated from the broiler chicken meat products of one large-scale producer of the country. Nevertheless, ST-5 isolates of Latvian and Lithuanian origin showed distinct grouping patterns, with about 200 intergroup shared allele differences, while intragroup isolates differed approximately by 30 alleles. Constructed sequence-based aML phylogenetic tree confirmed our findings placing Latvian and Lithuanian isolates into 2 separate clades, but should be interpreted carefully because of the limitations mentioned above.
The present study showed that wgMLST used with genome-by-genome approach is fast and discriminatory and provides invaluable information regarding analyses with genetically similar isolates. The analysis revealed distinct origin-based grouping patterns for C. jejuni ST-5 isolates. There is need for additional epidemiological investigation and typing studies as well as the need to include the systematic and routine molecular typing in Campylobacter surveillance/monitoring programs in Estonia.
CONCLUSIONS
Whole-genome MLST analysis of restricted set of closely related C. jejuni ST-5 isolates from broiler chicken meat constrained by period of time and geographic region proved to be highly discriminatory and showed potential for implementation in routine surveillance.
